We theoretically investigate the effect of a defect at the interface between a conductor and reservoirs in an atomic-scale device. Since fabrication of atomic-scale contacts is a complex task, there could be defects at the interface between the conductor and reservoirs. Such defective contacts will make it difficult to measure currents properly. In this paper, we calculate current-voltage characteristics in two-dimensional devices with a defective connection to reservoirs by using the nonequilibrium Green's function method. Results show that the magnitude of resistance change depends on the amplitude of quantized wave functions at the position of the defect.
Introduction
Atomic-scale conductors such as nanowires and nanoribbons are attracting much attention. There are many studies motivated by a prospect that smaller devices would show superior performance: higher speed, higher sensitivity, and less power consumption. Not only carbon (graphene) [1, 2] but also various materials such as ZnO [3] , BiSe [4] , GaN [5] , Si [6] , and Fe [7] are used for fabricating nanoribbons. The large variation of the purpose of the studies, such as a single atom transistor [8] [9] [10] [11] , a laser [3] , a thermal device [4] , a magnetic sensor [2] , and skin prosthesis [6] , indicates the high potential of the atomic-scale devices. In addition to these conventional devices, there are investigations of exotic phenomena such as spin-polarized current [7] and coherent many-body current [12] .
In exploiting transport phenomena in the atomic-scale devices, connection to reservoirs is indispensable. Since fabrication of such a small contact is a complex task, defects will be easily introduced at the interface between the conductor and reservoirs. Even if characteristics of the conductor are interesting and useful, improper connection to reservoirs will rectify the current and will smear out the features that we want to observe. Therefore, connection to reservoirs is of special importance for transport measurements in atomicscale devices. The effect of a defect at the interface, however, has not been well understood.
In this paper, by using the nonequilibrium Green's function method [13] , we theoretically investigate the effect of the defect at the connection to reservoirs in two-dimensional atomic-scale conductors within a simple model for the defect. Figure 1 shows a schematic structure of the device we investigate. We calculate current-voltage characteristics of two-dimensional conductors with a ribbon-like shape. We simulate the device by discretizing it into pieces of the size Δ × Δ . We call the piece a virtual atom. The device is expressed as an array of the atoms as shown by the dots in Figure 1 . As we show in the upper part of this figure, the conductor consists of an × array of the virtual atoms. There are reservoirs (anode and cathode) attached on both sides of the conductor as indicated by the shaded areas. We set the size of the reservoirs large enough so that energy spacing between electronic levels therein is smaller than the thermal energy . As shown in the lower part, there is diffusion potential Δ between the conductor and reservoirs. The reservoirs are filled with electrons up to the Fermi energy . Considering that each atom is associated with a single s-like orbital, we introduce a hopping interaction between neighboring atoms denoted by "− ." We describe the defect as disconnection of the hopping interaction; that is, we replace by (0 ≤ / < 1) on the defective bond as indicated by the cross in Figure 1 . Although this model is very simple to simulate realistic defects, we believe that this model contains the essential features of the function of the defect.
Model Structure
In the present calculations, we set the spacing between the virtual atoms to Δ = 0.5 nm. We also set the diffusion potential between reservoirs and conductor to Δ = 0.1 eV and the Fermi energy in the reservoirs to = 0.1 eV. The magnitude of the hopping interaction is determined as follows: the hopping interaction yields the energy band = −2 cos( Δ ), where is a wave vector. For small , we have ∼ 2 Δ 2 . Equalizing this expression to ℎ 2 2 /2 * , we have a relation between and the effective mass
. For example, * = 0.1 0 ( 0 is the electron rest mass) corresponds to the hopping interaction t = 1.51 eV.
We note that we consider a square array of the atoms as shown in Figure 1 . Graphene attracts much interest for its peculiar band structure arising from the honeycomb atomic array. To investigate the genuine effect of the defects, however, we adopted a device structure that shows normal conduction.
Nonequilibrium Green's Function Theory
Green's function is a matrix defined by an equation:
where is a Hamiltonian matrix for the whole system and 1 denotes a unit matrix of the corresponding dimension. The Hamiltonian consists of the hopping interaction and potential energies for each of the atoms. By dividing the whole system into three parts, the left reservoir, the device, and the right reservoir, we can derive the equation
where and are the Hamiltonian and Green's function of the device. The quantity Σ (Σ ), called self-energy, denotes a strength of the connection between the reservoir and the device. Details of the theory and formulations are written in [13, 14] . Solving (2), we obtain ( ), from which charge density is evaluated by the equation
where ( ) ( ( )) is the Fermi-Dirac distribution for the left (right) reservoir. From the charge density, Coulomb interaction between electrons is evaluated. The Coulomb interaction determines the Hamiltonian from which Green's function is calculated. We repeat this self-consistent procedure until we obtain a stable solution. Once we have the stable solution, we can calculate the current-voltage characteristics with the equation
where → ( ) denotes electron flow from the left reservoir (cathode) to the right reservoir (anode). The quantity → ( ) is written as
In (5), the element of Green's function (1, ; , ) ( ) denotes amplitude that an electron located at position (1, ) of the device arrives at position ( , ). The second (the third) factor indicates the strength of the connection between the cathode (anode) and the device. Similarly, the electron flow from the anode to the cathode is given by
Results and Discussion
In Figure 2 , we plot the current-voltage curves for the structures containing a single defect between the cathode and conductor as illustrated in the inset (right down). In all the calculations, we set the temperature = 300 K. Although there are a large number of variations of defect configurations, we treat here only a single-point defect. These curves were obtained for the conductor size = 20 and = 10 and the effective mass * = 0.1 0 . We set the hopping interaction on the defect bond as = 0. The curve labeled "No defect" shows a current when there are no defects at the interface. The curves labeled "1," "3," and "5" show currents calculated for the structure containing a single defect at the first, third, and fifth rows, respectively. We note that the defect at "1," "3," and "5" positions gives rise to the same results as the defect at "10," "8," and "6" positions, respectively, because of symmetry in the lateral ( -) direction. Defect at the interface between the conductor and anode yields similar results as long as the voltage drop across the conductor is less than the spacing of energy levels in the conductor, although the results are not shown.
The defect gives rise to decrease in current, that is, increase in resistance. The resistance increase occurs simply because a defect prevents electrons from flowing through the device. A defect located in the middle of the device gives rise to a larger increase in resistance than that near the edge of the device. In the inset (left up) of Figure 2 , we plot resistance defined by
for the structure with a defect at the th position as a function of the position of the defect . Resistance for the structure without defect is indicated by the horizontal arrow. The behavior of the resistance is well given by a sine function as indicated by the dashed curve.
In Figure 3 , we show the current-voltage relation for = 0∼1 in the fifth position. The current decreases with decreasing . This means that we obtain the similar results for = 0 even when ̸ = 0; although the magnitude is different, the resistance shows sinusoidal position dependence.
Considering that discrete energy levels are formed due to confinement of electron in the lateral direction, we understand the defect position dependence of the resistance. Since each of the discrete levels is associated with a sinusoidal wave function, we can attribute the behavior of resistance against defect position to the amplitude of the quantized lateral wave functions. Current injection from the cathode into the conductor is prevented by the defect. The strength of the current flowing from the cathode into the conductor depends on the amplitude of the wave function in the conductor. The amplitude of the lateral wave function is small at the edge of the device. Therefore, the effect of the defect at the edge is small. On the contrary, when the defect locates at the middle of the interface, current injection is largely affected, and resistance change is also large.
To ascertain the role of the wave functions of the lateral modes, we calculated charge densities in the conductor as shown in Figure 4 (a). These figures show charge densities for the structure without defect and with a defect at the first ( = 1), the third ( = 3), and the fifth ( = 5) positions as indicated by the cross in each figure. The charge density near the defect position is reduced.
In Figure 4 (b), we plot the charge density along the interface between the cathode and conductor, that is, along with -axis at = 1. The charge density adjacent to the defect is indicated by the big symbol for each curve. Note that the curves are results of the spline fitting guiding for eyes. Reduction of charge density occurs for any value of . However, the curve labeled = 5 indicates that large reduction in charge density occurs when the defect locates in the middle of the device where the quantized lateral mode has large amplitude. In Figure 4 (c), we also show the charge density for the structure * = 0.2 0 , = 20, and the defect at the fifth site. The curves are for the values of between 0 and 1. As already shown in Figure 3 , results for ̸ = 0 are qualitatively the same as those for = 0. In what follows, thus, we show the results evaluated for = 0.
To examine further the role of the quantized lateral wave functions, we carried out calculations for wider devices. We show the results in Figure 5 . In this figure, we plot Δ / 0 ≡ ( − 0 )/ 0 , that is, change of resistance normalized by the resistance without the defect 0 as a function of defect position for various values of . Note that the curves are offset, and open circles in each curve denote the value of 0 for each structure. The curve for = 10 is the same as the curve shown in the inset of Figure 2 . As we noted, this curve is well fitted by a sine curve. With increasing , the curve becomes flat with a plateau in the intermediate values of n, showing that position dependence of resistance change becomes smaller with device width. With further increase of , the curve shows a shallow dip at about ≃ /2. Considering that a wave function confined in y-direction within a region is given by with the quantum number = 1, 2, 3, . . ., we fitted the values of Δ / 0 with the function
We show the fitted results by solid curves in Figure 5 . Good agreement has been obtained by the superposition of quantized lateral wave functions as given by (9) . In the inset of Figure 5 , we plot the value of | | evaluated by the fitting.
For smaller values of , 1 is much larger than others. This result indicates that the ground state lateral mode, that is, wave function with the quantum number = 1, is dominating current. With increasing , a ratio of lateral mode with = 2 becomes larger. This is because energy of quantized state becomes lower with increasing device width. The shallow dip seen in the curves for = 13 and 14 is a result of the participation of the = 2 state that has a node at /2. The enrolment of the second state appears more clearly when the electron effective mass is larger because the higher levels lie in lower energies. Figure 6 shows the calculated results for the effective mass * = 0.2 0 . The curves of Δ / 0 indicate that resistance change is small when the defect is located in the middle of the device. In other words, the defect that locates in the middle of the device does not prevent electrons from flowing into the conductor. This result indicates that the second state that has a node in the middle of the device is dominant in current flow. As shown in the inset, component of the = 2 state, which has a node in the middle of the device, is larger than others. The defect position dependence of the resistance described so far might be difficult to be observed because of difficulty in preparing samples containing position-controlled defects. We would realize similar situations by using the scanning tunneling microscopy (STM) technique. In Figure 7 , we show I-V curves for structures with a singlepoint connection; that is, bonds except the th position at the interface are disconnected as schematically shown in the inset. In this case, −1 shows sine-like behavior because a connection in the middle of the device enlarges current (i.e., reduces resistance) more than a connection near the edge of the device does. Such a situation of a single-point connection 6 Advances in Condensed Matter Physics to reservoir would be realized by using an STM tip as a cathode or anode. Since only the topmost single atom on the STM tip works as a path of current, the magnitude of current will change depending on the spatial configuration of conductor and the STM tip, obeying the superposition of sine functions reflecting confined lateral wave functions.
We note that these calculations were carried out at the temperature = 300 K. Since energy separation between the first and the second lateral states is comparable with , some states are relevant to the current flow. The rates of relevance of these states change gradually with the device size. In this point, the present situation is different from the point contact in which the conductance is quantized due to sudden change of the number of channel states at very low temperature [15] .
We have to note that the present model for the defect is a much simplified one. In an atomistic point of view, dislocation or vacancy of atoms in reservoirs may be generated in the fabrication process. If there is a vacancy in the reservoir, many (four) bonds are disconnected. In the calculations, we found that disconnection of a bond apart from interface reduces conductivity a little. This is because, within this model, we consider that equilibrium is always satisfied in the reservoirs. We also ascertained that disconnection of a bond along ydirection is negligible. These results indicate that the present model that describes the defect as a disconnection of a bond at the interface along x-direction grasps the gist of the role of the defect. We also neglected the effect of scattering. As long as we consider atomic-scale devices, ballistic current is dominant because the time for an electron to travel from cathode to anode is shorter than characteristic time of scattering. In other words, the effect of scattering is not important. Therefore, we believe that the present effect will be realized, even though it can be modified by effect neglected in the present theory.
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